Fine structure and magneto- optics of exciton, trion, and charged biexciton states in 

single InAs quantum dots emitting at 1.3 /im 
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We present a detailed investigation into the optical characteristics of individual InAs quantum 
dots (QDs) grown by metalorganic chemical vapor deposition, with low temperature emission in the 
telecoms window around 1300 nm. Using micro-photoluminescence (PL) spectroscopy we have iden- 
tified neutral, positively charged, and negatively charged exciton and biexciton states. Temperature- 
dependent measurements reveal dot-charging efi'ects due to difi'erences in carrier difi'usivity. We 
observe a pronounced linearly polarized splitting of the neutral exciton and biexciton lines (~250 
^eV) resulting from asymmetry in the QD structure. This asymmetry also causes a mixing of the 
excited trion states which is manifested in the fine structure and polarization of the charged biex- 
citon emission; from this data we obtain values for the ratio between the anisotropic and isotropic 
electron- hole exchange energies of Ai/Ao ~ 0.2-0.5. Magneto-PL spectroscopy has been used to 
investigate the diamagnetic response and Zeeman splitting of the various exciton complexes. We 
find a significant variation in g-factor between the exciton, the positive biexciton, and the negative 
biexciton; this is also attributed to anisotropy effects and the difference in lateral extent of the 
electron and hole wavefunctions. 



I. INTRODUCTION 

Semiconductor quantum dots (QDs) have attracted 
considerable attention in recent years as they exhibit 
novel optical and electronic phenomena,-! which increas- 
ing cannot be explained with an "artificial atom" type 
model. ^ High spatial resolution spectroscopy can provide 
an detailed insight into the nature of the confinement 
potential of individual dots and the quasiparticles that 
can form within them*^ The creation of charged exciton 
states (trions) in QDs is of particular interest as these 
complexes are easily ionized in higher dimensional nanos- 
tructures. Over the last few years there have been many 
investigations into the properties of QD trions in both 
Il-VI'^iSii, and III-Vi2iS semiconductor materials; these 
studies have revealed a complex hierarchy of energies re- 
lated to Coulomb, exchange, and correlation interactions 
between the constituent electrons and holes. 

The relative strengths of the isotropic and anisotropic 
parts of the electron-hole {eh) exchange are manifested 
in the fine structure splitting of the exciton state, which 
results from a reduction of the QD symmetry.^^'-'^'^ This 
effect can be studied in detail using magneto-optics^ 
however, to our knowledge, there have been no previ- 
ous investigations into the properties of magneto-excitons 
in individual long-wavelength (>1 /xm) QDs. Further- 
more, the specific growth conditions required to pro- 
duce these structuresfi^ and their enhanced quantum- 
confinement,— are likely to have a significant effect on the 
carrier interaction energies. The development of semicon- 
ductor QD based devices for quantum optics and quan- 
tum information processing necessitates a detailed un- 
derstanding of the nature of these interactions: the trion 
state has no fine structure and is therefore suitable for 
use as a single photon source^ii and the strength of the 



anisotropic eh exchange energy is an important issue in 
spin control systems. "'^^ 

In previous studies the charge state of the QD has 
been varied using electrical injection of carrieraSiiSi^ 
or photodepletion effects. ^^'^^ However, with both tech- 
niques a comparative investigation of positive and nega- 
tive charged species is complicated by requisite changes 
in the environmental conditions: in the former case the 
electrical field induces an emission Stark shift, and the 
latter case requires an increased carrier population. Here, 
we present the results of a comprehensive investigation 
into the optical characteristics of individual InAs QDs 
emitting at 1.3 /im; in addition to the formation of an 
exciton-biexciton system, we simultaneously observe re- 
combination from positive and negative trion and biex- 
citon states. These emission lines have relative intensi- 
ties that are found to be highly sensitive to temperature 
due to diffusive dot-charging effects. Polarized photo- 
luminescence (PL) spectroscopy shows that asymmetry 
induced fine structure and state-mixing are present in 
the various exciton complexes, and from a systematic 
study of different dots we have quantified the magnitudes 
of eh exchange energies. Finally we present a magneto- 
optical investigation of single QDs and we compare the 
diamagnetic shifts and Zeeman splittings of the neutral 
and charged complexes. 



II. EXPERIMENT 

The QDs investigated in this paper were fabricated 
by low-pressure metalorganic chemical vapor deposition 
(MOCVD) on a (100) GaAs substrate, using the dots-in- 
well (DWELL) techniqueiS^ a thin InAs dot layer (~ 1.7 
monolayers) was embedded in a 5 nm Ino.i2Gao.88As(:Bi) 
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FIG. 1: Normalized PL spectra from a single dot (QDl) at 
various excitation powers (Po = 5 Wcm~^). Peaks X (2X) 
and X±, (2X±) are attributed to neutral and charged 

exciton (biexciton) emission, respectively. 



quantum well (QW) and the whole DWELL heterostruc- 
ture grown between GaAs barrier layers. More details of 
the growth procedure and general optical characteristics 
are presented in Ref . |3 

To obtain single dot spectroscopy, mesa structures 
were fabricated by electron-beam lithography and dry 
etching. Zero-field micro-PL was taken from individual 
mesas excited by an Ar+ laser (2.54 eV) focused to a ~1 
/^m spot. Unless otherwise stated, the sample tempera- 
ture was maintained at 5 K in a continuous-flow He cryo- 
stat. Magneto-PL measurements were performed at 10 K 
with the field aligned along the growth direction (Faraday 
geometry), using a diode laser (2.32 eV) focused to a ~5 
/im spot. The polarization of the luminescence was ana- 
lyzed using a linear polarizer and quarter-wave retarding 
plate. In all cases the luminescence was dispersed in a 
0.5 m spectrometer and detected with a nitrogen cooled 
InGaAs photodiode array (1024 x 1). 



III. RESULTS AND DISCUSSION 

A. Power dependence, peak assignment and 
thermal charging effects 

PL spectra were taken for a 200 nm mesa over four or- 
ders of magnitude in excitation power, as shown in Fig. 
n At low powers the spectra are composed of four nar- 
row lines (<100 ^eV, resolution limited); we have veri- 
fied that all of these emission lines originate from a single 
dot in the mesa by comparing the PL spectra from many 
different mesas.-^ These lines show a linear increase in 
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FIG. 2: Normalized temperature-dependent PL spectra from 
QDl, with excitation (a) above the GaAs barrier and QW 
energy [2.54 eV, power Po], (b) below the QW energy [1.17 
eV, 200Po]. In both cases the spectra have been shifted in 
energy to align the exciton X doublet, and offset vertically. 



intensity over low excitation powers before saturating at 
~10 Wcm^^ (2Po), and they are attributed to recombi- 
nation from the exciton X and trion states. The exci- 
ton line shows a linearly polarized fine-structure splitting 
of approximately 300 /icV; this will be discussed further 
in the next section. 

With increasing power additional lines appear below 
the exciton energy. In particular, the 2X doublet has 
a total intensity that is a quadratic function of excita- 
tion power, and this is assigned to the biexciton state. 
The binding energy of ~3 meV is consistent with the 
values obtained by Kaiser et a/.^- for a similar strongly 
confined DWELL system. Other lines around 2X also 
show a superlinear intensity behavior; these are assigned 
to charged biexciton states 2X^ formed by the capture 
of two eh pairs into a charged dot. The lowest energy 
features in Fig. ^ are attributed to multiply negatively 
charged states (A^^, X^^ etc.), each of which is split 
into a multiple! through electron-electron and electron- 
hole exchange interactions 

Generally there are several possible origins for the ex- 
cess carriers required for the creation of charged com- 
plexes: Nominally undoped GaAs structures usually have 
a residual background doping leading to impurities in the 
vicinity of a dot. However, these impurities will result in 
different emission spectra for each dot depending on the 
exact charge environment, whereas we obtain essentially 
identical spectra from many dots separated by millime- 
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ters on the sample. There is also no evidence of pho- 
todepletion effects that are typically observed in doped 
structuresi^S the positive and negative trion species seen 
in Fig.^ELre present for all excitation powers. 

A second charging mechanism is the difference in car- 
rier mobilities when eh pairs are generated in the GaAs 
barrier by nonresonant excitation. To investigate this 
effect PL spectra were taken with Ar+ laser excitation 
(2.54 eV) from the same dot as Fig. ^ (QDl), over a 
range of temperatures; this is shown in Fig. E^a). At 5 
K the total integrated intensity of all the emission lines 
of one charge type is approximately equal for both pos- 
itive and negative species (at power Pq), which suggests 
that there are random fluctuations in the excess charge 
within the dot. With increasing temperature there is a 
successive transfer of emission intensity from the and 
X lines to the X~ and X^^ lines; this arises from an in- 
crease in the electron diffusivity relative to that of holes, 
effectively filling the dot with additional electrons.^ This 
thermally enhanced diffusion effect was confirmed by re- 
peating the measurements using a YAG laser (1.17 eV) 
to excite below the GaAs barrier and InGaAs QW energy 
[Fig.|2Ib)]. In this case there is a monotonic decrease in 
intensity for all the trion lines with increasing temper- 
ature, due to the absence of diffusive dot filling. Any 
charging originating from thermal activation of localized 
electrons should be insensitive to excitation energy, which 
would lead to qualitatively similar behavior in both Figs. 
ia;a) and nib). 



B. Polarization properties and fine structure 

The heavy-hole exciton in zinc blende based quantum 
dots (D2rf point group) is fourfold degenerate and char- 
acterized by the angular momentum components M = 
Sz + jz — ±1, ±2, where Sz = ±1/2 is the electron spin 
and jz = ±3/2 is the hole angular momentum projection, 
respectively. The isotropic eh exchange interaction splits 
this quartet into a radiative doublet | ± 1) (bright exci- 
tons) and two nonradiative singlets comprising combina- 
tions of I ± 2) states (dark excitons), with a dark-bright 
exciton splitting Aq. An in-plane anisotropy, caused by 
e.g. dot elongation and strain, will reduce the point group 
symmetry; this results in an additional splitting of the ra- 
diative doublet into the states Xa,b = -^{\ ± 1) T I ^ 1)), 
separated by the anisotropic eh exchange energy Ai.^^ 

Figure 131a) shows polarized PL spectra from QDl, re- 
solved along orthogonal axes using a rotatable polariz- 
ing prism. Both the X and the 2X emissions consist 
of a doublet with the two components linearly polarized 
along the IIx and Ily axes, which correspond closely to 
the (Oil) crystal axes. Both doublets have an identical 
splittingSi and show a mirror symmetry in the polariza- 
tion sequence. These observations are consistent with 
recombination from the spin-singlet |0) biexciton ground 
state to the bright exciton states Xa and Xi,, with subse- 
quent recombination to the |0) crystal ground state>iiS£ 
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FIG. 3: (Color online) (a) Linearly polarized PL components 
from QDl at zero magnetic field, (b) Circularly polarized PL 
components at B = 8 T. (c) Energy level diagram showing 
allowed transitions from the charged biexciton ground state 
to the trion triplet states, with and without a magnetic field 
applied in the growth direction. The spin projections of con- 
stituent electrons Sz = ±1/2 and holes jz = ±3/2 are denoted 
by ±(|',-(^'), respectively, for the s-shell {I = 1) and p-shell 
(/ = 2). The 2X^ has analogous transitions, except that the 
radiative X+* states are transposed. 



Furthermore, with the application of a magnetic field B 
there is a progressive evolution towards circularly polar- 
ized emission [Fig. |3Jb)], as the mixed angular momen- 
tum states Xa^b transform into pure | ± 1) states. 

In the trion ground state X^ the two like-charges oc- 
cupy the s-shell with antiparallel spins and hence the ex- 
change interaction energies are quenched. Consequently 
the Kramers doublets are not split in the absence of a 
magnetic field even with a large dot asymmetry, and only 
one line is seen for each trion in Fig. EJa).^^ However, 
in the excited or "hot" trion state X^* the additional 
charge resides in the p-shell; the exchange energies are 
not quenched in this case and the spin-triplet state is 
split into a set of three Kramers doublets through the eh 
exchange interaction, as shown in Fig.|2Ic). The emission 



4 



lines and 2Xj, result from transitions between the 
± i) charged biexciton ground state and the | T 5) and 
I ± |) X~* triplet states, respectively. The total emission 
intensity ratio of i?o = lb /la ~ 0.5 is consistent with a 
smaller transition probability for 2X^, as the final | ± |) 
state has a nonradiative component^ Furthermore, the 
incomplete linear polarization of these lines is direct ev- 
idence of state mixing caused by the anisotropic part of 
the eh exchange;^ the larger degree of polarization for 
as compared to 2X~ is again a result of the differ- 
ence in transition probabilities. A similar analysis can 
be used to explain the characteristics of the and 
emissions; i?o is also ~0.5 for these lines, but their 
relative intensity and degree of linear polarization have 
a mirror symmetry to the 2X^ lines, as the radiative 
triplet states are transposed in 

The exchange energies in the X^* states will be differ- 
ent to those discussed above for the neutral exciton, due 
to the additional charge present in the p-shell. Following 
the notation of Kavokin^^S the total exchange energies in 



are 



(1) 



for i = (isotropic component) and 1 (anisotropic com- 
ponent); the superscripts 1 and 2 represent the exchange 
energy of the first and second electrons (holes), respec- 
tively, with the hole (electron) in the X~* (X+*) state. 
For simplicity, we will continue to write Ai = Aj un- 
less explicitly required. The relative magnitudes of these 
exchange energies will be discussed below. 

To gain a more detailed insight into the QD Coulomb 
energies, the emission spectra of 13 dots have been anal- 
ysed and are summarized in Fig.^ For each dot the value 
of Ai is shown in Fig. Qfa) plotted against the exciton 
energyiSl The labels QDl-4 indicate the specific dots re- 
ferred to throughout this report. There is no evidence of 
a direct correlation between Ai and the X emission en- 
ergy; however, as Ai characterizes the asymmetry of the 
structure it is highly sensitive to dot shape, especially in 
small dots.'^^ 

For each dot. Fig. 2Jb) shows the energies of the other 
exciton complexes relative to the center of the X dou- 
blet, plotted against the X emission energy. In all cases, 
the X~ {X'^) line appears at a lower (higher) energy 
than the exciton, which implies that the lateral extent of 
the single-particle wavefunction is smaller for the hole Ih 
than for the electron l^mii^ A semi-quantitative analysis 
of the binding energies of the exciton complexes has been 
performed: as the quantization energy is large for these 
dots (giving a total s-p shell splitting of ~90 meV))24 it 
is possible to describe the charged excitons by treating 
the Coulomb interactions as perturbations to the single- 
particle states. Using the exchange integrals calculated 
by Warburton et al^ for a symmetric parabolic con- 
finement potential, we find a reasonable agreement with 
the observed X^ binding energies for le ~ 7.5 nm and 
le/lh ~ 1.3. A full comparison with theory will require a 
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FIG. 4: (Color online) Summary of the PL characteristics 
of 13 single dots; QDl-4 indicate the dots referred to in the 
text: (a) Asymmetry induced fine-structure splitting Ai plot- 
ted against exciton emission energy, (b) Emission energy of 
the exciton complexes relative to X, plotted against exciton 
emission energy, (c) Energy difi'erence AE between emission 
lines in (b), as a function of Ai for each dot. Solid lines are 
linear data fits; the bottom line has a gradient of zero. The 
dashed line is a fit using Eq. 



more detailed knowledge of the size, shape, and compo- 
sition of the dots. 

There are obvious similarities in the binding energy 
trends in Fig. EJb) for similar complexes. This is eluci- 
dated in Fig.01c) which shows the energy separation AE 
between different emission lines plotted against Ai for 
each dot surveyed. Despite the relatively large range in 
the overall emission energy, AE' for a pair of lines varies 
by <300 /icV among all the dots. This suggests that 
these QDs have a small size distribution, and the varia- 
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tions in X emission energy are primarily a result of fluc- 
tuations in the surrounding QW structure and process- 
induced strain efFectsi^ For the negatively charged com- 
plexes there is a direct correlation between AE and Ai; 
in all cases the standard deviation from the solid best fit 
line is <100 /xeV. In particular, the splitting between the 
2X~j doublet, shown in Fig.lSJc), is given 



AE 



ab 



(Ao)2 + 2(Ai) 



this gives a close fit to the data in Fig. 0^c) (dashed 
line), where we have assumed that Aq is approximately 
constant for these dots and Ai = aAi. We thence ob- 
tain values of Aq = 0.75 meV and a = 1.05, and from 
Eq. Q we find Af/A} « 1.1. This slight enhancement 
in the 2e-lh anisotropic exchange energy compared with 
that of le-lh is probably a result of the 2e p-shell sym- 
metry. For these dots the ratio between the anisotropic 
and isotropic eh exchange energies thence has values in 
the range Ai/Aq = 0.21-0.52, which are similar to the 
values obtained for charged dots in II- VI structuresiSi 

In contrast to the 2X~, the positively charged biexci- 
ton 2X+ has a doublet splitting Ai?^^ that appears to 
be insensitive to small variations in the dot asymmetry, 
as there is no obvious correlation with Ai. This is con- 
sistent with the smaller lateral extent of the hole wave- 
function relative to that of the electron, as determined 
above. In general both Aq and Ai will differ between 
the 2X^ and 2X+, as the s-p exchange energies (Aq ^) 
between le-2h and 2e-lh are sensitive to the exact shape 
and overlap of the carrier wavefunctions. A more de- 
tailed analysis would be facilitated by knowledge of the 
dark exciton energy levels using e.g. Voigt configuration 
magneto-spectroscopyii^ 



C. Magneto-photoluminescence 

The application of a magnetic field B can reveal ad- 
ditional information about a dot's confinement poten- 
tial and electronic states, via the exciton diamagnetic 
response and spin-splitting. In the absence of fine struc- 
ture the field-dependent exciton emission energy is given 
by E{B) — Eq+ 72 i?^ ± ^gcxMs-S, where Eq is the zero- 
field emission energy, 72 is the diamagnetic coefficient, 
(7ox is the effective g-factor of the exciton complex, and 
/is is the Bohr magneton. This field-dependent split- 
ting is shown in Fig. Ela) for the neutral and charged 
complexes in QD4. The preferentially left {a~) and right 
(a^ ) circularly polarized components are plotted as open 
and closed symbols, respectively, and the center position 
of each doublet is marked by a cross; a quadratic fit to 
these points is also shown by a solid line, from which 72 
has been obtained. 

With the inclusion of the anisotropic eh energy Ai the 
Zeeman splitting for the X and 2X states is given by^** 
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FIG. 5: (Color online) (a) Magnetic field dependence of the 
PL emission lines from QD4. Open (closed) symbols indicate 
preferentially a~ (ct"*") polarized emission. Crosses mark the 
center of each doublet and the solid curves are quadratic fits, 
(b) Zeeman splitting AEz of the doublets in (a). The data 
for X and 2X have been fit using Eq. For clarity, only 
the negative (positive) range has been plotted for X and X^ 
{2X and 2X-). 



where E{(t^) is the energy of the cr^ polarized emission. 
This gives an excellent fit to the data in Fig. |SJb) from 
which we obtain values of gx and g2X- For the charged 
exciton complexes, gcx can be found with a linear fit. 

For excitons in strongly confined dots, where the quan- 
tization energy is larger than a typical Coulomb energy, 
72 is dependent on the extent of the constituent carrier 
wavefunctions le and Ih] the diamagnetic shift is given by 
the difference in the shifts of the initial and final states, 
and will thus be identical for all exciton complexes with 
le-l/i optical recombination. Figure|^a) summarizes the 
values of 72 for the complexes seen in dots QDl-4. All 
four dots show a small diamagnetic shift (<10 ^eVT^^) 
consistent with strong confinement; for each dot the neu- 
tral and charged states on the right of Fig. ^a) have 



6 




as discussed in Sec. IIII Al It is likely that the variation 
between (jjx" ^-"^"^ 9^ ^ result of state mixing caused 
by the anisotropic eh exchange; furthermore, the p-shell 
electron may have a g-factor that is sensitive to the spe- 
cific confinement conditions.® Mixing of the bright | ^ |} 
and dark |±|) triplet states in the X^* could be responsi- 
ble for the anomalous zero spin-splitting of the line; 
this is unlikely to be a measurement error as it is observed 
for all four dots. However, a more detailed analysis has 
not been possible due to the weak emission intensity of 
the 2Xj^ line and the close proximity of other spectral 
lines. In contrast to the 2X^ lines, both 2X'^ emission 
lines show relatively large spin-splittings for three of the 
dots, which are approximately equal (52X+ ~ —1.45) and 
independent of gx- This is consistent with the data in 
Fig. EJc) which shows that the X~^* state mixing is rel- 
atively insensitive to variations in the dot shape, due to 
the smaller extent of the hole wavefunction. 



IV. SUMMARY 



FIG. 6: (Color online) Summary of (a) the diamagnetic coef- 
ficient 72, and (b) the g-factor pex of the exciton complexes, 
for QDl-4. Symbol size is greater than the absolute error in 
the data. 

equal values of 72 to within ~0.5 ^eVT~^, as expected. 
The larger variations in 72 for the charged biexciton com- 
plexes may originate from a small magnetic field depen- 
dence in the associated g-factor, which will also intro- 
duce a quadratic B term that is indistinguishable from 
the diamagnetic response. 

The values of (jcx shown in Fig.|SJb) arc consistent with 
the results of Nakaoka et alM' for InAs dots fabricated 
with a strain-reducing layer; the difference in gx among 
the dots originates from size, shape, and strain variations. 
The degree of circular polarization seen in the spectra of 
each dot at 8 T is also consistent with the relative sizes 
of gxlJ-sB and Ai: QDl and QD3 with smaller values of 
\gx\ exhibit elliptically polarized emission even at 8 T, 
as seen in Fig.l^fa), whereas QD2 and QD4 emit almost 
completely circularly polarized light at i? = 4.5 T. 

In an isolated dot the trion g-factor is predicted to 
be identical to that of the neutral exciton, as the ex- 
cess carrier is present in the initial and final states of 
the transition^ this is seen for QD3 in Fig. El^b) . For 
the other dots studied the variations in g-factor between 
X, 2X, and X^, although small, are still greater than 
the experimental error [as seen in Fig. (Sfb)], and these 
variations show an identical trend in each case. The pres- 
ence of dopants in the immediate vicinity of a dot might 
lead to perturbation of the band structure and a signif- 
icant deviation in g-factor between charged and neutral 
excitons; " however, the absence of any obvious emission 
from dark exciton states suggests that impurity related 
valence band mixing effects are minimal for these dotsp- 



We have analysed the PL spectra of single InAs QDs 
grown by MOCVD using a strain-relieving DWELL 
structure. In addition to the formation of an exciton- 
biexciton system, we have simultaneously observed emis- 
sion from both positive and negative trions and charged 
biexciton states at 5 K. The relative intensities of these 
lines are highly sensitive to temperature and we find a 
thermal dot-charging effect which is attributed to a dif- 
ference in photogenerated carrier diffusivities. Analysis 
of the emission polarization reveals a large splitting of 
the X and 2X lines (~250 /ieV) due to the anisotropic 
electron-hole exchange interaction. The isotropic part 
of the exchange interaction also splits the excited trion 
triplet states, and gives rise to a mirror symmetry in the 
intensity and polarization degree of the charged biexciton 
emission doublets. From a study of the separation of the 
2X~ lines in different dots, we have determined the ratio 
between the anisotropic and isotropic exchange energies. 
In contrast, the 2X^ doublet splitting appears uncorre- 
lated with the degree of dot asymmetry; this is also man- 
ifested in the approximately constant g-factor for these 
lines, determined by magneto-spectroscopy. These effects 
are likely to be the result of differences in the shape and 
extent of the carrier wavcfunctions, and warrant further 
investigation. 
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